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Abstract

We propose a model in which cell loss in the aging brain is seen as a root cause of behavioral changes
that compromise quality of life, including the onset of generalized anxiety disorder, in elderly
individuals. According to this model, as stem cells in neurogenic regions of the adult brain lose
regenerative capacity, worn-out, dead, or damaged neurons fail to be replaced, leaving gaps in
function. As most replacement involves inhibitory interneurons, the net result is the acquisition over
time of a hyper-excitable state. The stress axis is subserved by all three neurogenic regions in the
adult brain, making it particularly susceptible to these age-dependent changes. We outline a
molecular mechanism by which hyper-excitation of the stress axis in turn activates the tumor
suppressor p53. This reinforces the loss of stem cell proliferative capacity and interferes with the
feedback mechanism by which the glucocorticoid receptor turns off neuroendocrine pathways and
resets the axis.

Anxiety and old age

Anxiety is an emation characterized by activity in the hypothalamic-pituitary-adrenal (HPA)
axis and psychological discomfort ranging from uneasiness to immobilizing terror. Common
to many mammals, feelings of anxiety are considered normal when expressed under stressful
circumstances and for relatively short periods of time. However, a subset of the population
experiences HPA activation and emotional anxiety for abnormally long periods of time and/
or under inappropriate circumstances. In humans, this is referred to as Generalized Anxiety
Disorder (GAD) and is seen in 3.7% - 7.4% of the general population [1-4]. In the elderly,
however, studies have estimated the prevalence of anxiety symptoms to be as high as 20%
[5,6]. Infact, as indicated in Fig. 1, age is a significant risk factor for anxiety disorders requiring
hospitalization (Source: Public Health Agency of Canada, A Report on Mental Ilinesses in
Canada, www.phac-aspc.gc.ca/publicat/miic-mmac/sum_e.html).

The actual percentage of elderly persons suffering from anxiety may be even higher than
estimated due to several factors. For instance, the elderly have a stronger stigmatization
associated with mental health issues and are less likely to seek out professional help than
younger members of the population [7]. When the elderly do seek consultation for a mental
health problem, they tend to use the general health sector [8]. Unfortunately, several studies
showed that primary care physicians did not detect most psychiatric disorders among their
patients, particularly anxiety and affective disorders [9-11]. This is likely due to the fact that
elderly persons may tend to somatize anxiety symptoms in the form of general aches and pains,
masking the psychological nature of the problem [12]. Furthermore, anxiety and other
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psychiatric symptoms commonly overlap in older persons, leading to underestimated
prevalence and diagnosis rates [12]. This suggests that clinically important symptoms may be
occurring in the elderly that are not necessarily recognized and treated.

Abnormally high anxiety in elderly individuals leads to diminishing physical functioning and
increasing social isolation. Physically, anxiety disorders are associated with low compliance
with medical treatment, potentially worsening the effect of concurrent physical conditions
[13], and poorer functional recovery after disabling medical events such as a stroke [14,15].
Social life also suffers in those with high anxiety. A significant correlation between anxiety
and instrumental activities suggests that anxiety may contribute to disabilities in social
functioning and to decreased independence [16]. It is not surprising, then, that anxiety
symptoms have been associated with higher admission rates to nursing homes [17], where it
then interferes with social integration into the new community.

Several researchers argue that age-associated anxiety can be partially attributed to

psychological distress that occurs with the recognition of declining cognitive [18] and physical
[19] functioning. This suggests a circular relationship between anxiety and physical/cognitive
function. The psychological stress of declining physical and mental faculties increases anxiety.
Heightened anxiety, in turn, further compromises cognitive [20] and physical [21-23] function.

While anxiety clearly has psychological influences, we argue here that normal age-associated
changes in the nervous system, independent of cognition and disease, also contribute to high
incidence of anxiety disorders in the elderly. Specifically, we review the evidence that anxiety
in old age can be partially explained as a physiological rather than a psychological entity that
accompanies normal aging and results from the gradual breakdown of regenerative processes
that occur in many tissues, including the brain.

Cellular and Molecular Substrates of Anxiety (the HPA axis)

Anxiety is a physiological response to stress that is coordinated by a hormonal pathway initiated
by the release of corticotropin releasing hormone (CRH) by the paraventricular nucleus (PVN)
of the hypothalamus (Fig. 2). Axons from parvocellular neurons in the PVN project through
the median eminence to the anterior pituitary, where the release of CRH stimulates secretion
of adrenocorticotropin hormone (ACTH). ACTH reaches the adrenal glands via the
bloodstream, where it stimulates the synthesis and secretion of stress hormones
(glucocorticoids), such as cortisol. Once inside the cell, glucocorticoids bind to the
glucocorticoid receptor (GR), translocating it to the nucleus where it functions as a transcription
factor (Fig. 2) that can activate or suppress gene expression (reviewed in [24].

This hypothalamic—pituitary—adrenal (HPA) axis is activated by multiple inputs to
hypothalamic nuclei, both neural and humoral. Humoral inputs include hormones, blood sugar,
and sodium, which enter the brain via the fenestrated capillaries of the circumventricular
organs. The primary neural inputs arise in limbic structures such as the amygdala,
hippocampus, and dentate gyrus (DG) and in sensory structures such as the retina and olfactory
bulb (OB). Projection neurons in each of these regions form reciprocal synapses with inhibitory
interneurons (Fig. 2, black symbols), which serve to modulate the total output to the
hypothalamus and elsewhere. For example, inhibitory interneurons in the OB integrate
excitatory signals from mitral and tufted cells with excitatory signals from more central sources,
such as noradrenergic projections from the locus ceruleus and serotonergic projections from
the midbrain and pons, and convey this integrated information back to the projection neurons
via GABAergic synapses. When the activity of these interneurons is blocked, there are effects
on olfactory discrimination and higher order cognitive functions involving emotion and
behavior. Obviously, loss of modulatory inputs to projection neurons into and out of
hypothalamic centers such as the PVN would be expected to have profound effects on the
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functions these centers perform. As discussed in the following section, ongoing neurogenesis
specifically maintains population of interneurons in the OB, DG, and PVN, a process that is
subject to deterioration as the organism ages.

Adult neurogenesis in regions of the brain subserving the HPA axis

In mammals, the nervous system develops from neural stem cells that have the capacity to self-
renew and differentiate into neurons and glial cells. Although most neurons are generated
before birth, the ability of the brain to produce new neurons extends into adulthood. A
widespread phenomenon, adult neurogenesis occurs in many species of invertebrates and
vertebrates, including humans [25]. Neurogenesis persists in defined areas of the brain
suggesting that production of new neurons may be limited to a few neuronal phenotypes
affecting very specific functions. In addition, neurogenesis may also be part of a regenerative
process in response to injury and disease [26,27].

Olfactory bulb

The subventricular zone (SVZ) of the lateral ventricles is the largest neurogenic area of the
adult brain [28-30]. This region contains four different types of cells distinguishable by their
ultrastructure and molecular markers [31,32]. Of these, the SVZ astrocytes are stem cells with
the capacity to generate a population of transit-amplifying progenitor cells. These progenitor
cells then undergo rapid cell division to produce neuroblasts, which are the immediate
precursors to neurons. Neuroblasts migrate along the rostral migratory stream (RMS) to the
OB, and differentiate only into interneurons, either periglomerular cells or granule cells
[28-30]. Newly generated neurons integrate into existing neuronal circuits in the olfactory bulb,
a process important for odor discrimination [33]. The importance of cell turnover in the granule
cell layer of the OB is obvious for species of mammals that rely heavily on odor cues for
successfully managing their interactions with the environment. However, OB neurons also
make direct connections to neurons in neuroendocrine regions of the brain, such as those
controlling reproduction and behavior, reinforcing the idea that maintaining olfaction may not
be the only or even the primary reason for granule cell turnover in the adult mammal. This
provides an explanation for why neurogenesis continues in the OB even in species such as
humans, which are less obviously dependent on olfactory processing for survival.

Hippocampus

The subgranular zone of the DG of the hippocampus is the second largest neurogenic area in
the adult brain [34]. Extensive evidence suggests that newly generated neurons in this area are
important in learning and memory functions [35-38]. Stem cells in this region have not been
fully characterized, but there is evidence that astrocyte-like cells in the SGZ give rise to a
population of intermediate fast dividing precursors [39]. In the DG, these cells migrate only a
short distance and differentiate locally into granule cell neurons [34,40-42]. Adult-generated
granule cells extend axons into the CA3 region [43], and form axosomatic, axodendritic, and
axospinous synapses with the target cells [44]. Moreover, new granule cells are more likely
than existing cells to be recruited into circuits supporting spatial memory in rats [45]. Overall,
this evidence suggests that adult born granule cells become morphologically and functionally
integrated in the hippocampal circuitry. A recent study indicates that adult hippocampal
neurogenesis plays a role in regulating mood-related behavior. Mice with deficient TrkB
expression in adult DG progenitors, exhibit reduced dendrite and spine growth in newborn
neurons, impaired neurogenesis-dependent long-term potentiation and compromised cell
survival, accompanied by a remarkably increased anxietylike behavior [46].
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Hypothalamus

Recent studies suggest that there are also stem cells residing in the region surrounding the third
ventricle that can generate new neurons in the adult brain. The identification of neurogenic
precursors that could provide ongoing neurogenesis in the hypothalamus is important because
of the role this brain region plays in regulating several neuroendocrine axes, including that of
the stress response. Cells in the ependymal layer of the 3™ ventricle of the rodent can proliferate
in response to basic fibroblast growth factor (0FGF) and give rise to neurons in the parenchyma
of the adult hypothalamus [47], but even in the absence of external manipulation, new neurons
are born in large numbers [48]. These new hypothalamic neurons are capable of forming
synapses and producing neuropeptides.

Cells present along the dorsoventral extent of the third ventricle and into the hypothalamic
parenchyma also respond to CNTF (ciliary neurotrophic factor). CNTF induces proliferation
in the arcuate nucleus, and in the ventromedial and dorsomedial nuclei, areas known to be
involved in energy balance and feeding behavior. Newborn cells express neuronal markers and
exhibit relevant functional phenotypes, including expression of NPY (neuropeptide-Y) and
POMC (proopiomelanocortin) and a capacity to respond to the metabolic hormone leptin.
Hypothalamic neurogenesis in response to CNTF is physiologically relevant, as blocking
proliferation by administration of the mitosis inhibitor cytosine-p-D-arabinofuranoside (Ara-
C) blocked the effect of CNTF on body weight [49].

Some additional evidence suggests that adult neurogenesis may extend to other hypothalamic
areas. For example, sexual maturation of the female pig is associated with the generation of
new oxytocin-producing neurons in the PVN [50]. Moreover, when hypothalamic precursors
are cultured in vitro, they can generate a range of neuronal phenotypes characteristic of the
neuroendocrine system, including cells that produce GHRH (growth hormone-releasing
hormone), GnRH (gonadotropin-releasing hormone), oxytocin, somatostatin, TRH
(thyrotropin-releasing hormone), and vasopressin, and, most importantly for our model, CRH
[51]. Widespread neurogenesis in the adult hypothalamus could potentially alter regulation of
a variety of neuroendocrine functions, including that of the HPA axis.

Deterioration of adult neurogenesis in the healthy old

The effects of age on hypothalamic functions such as reproduction, fat and glucose utilization,
and the capacity to deal with stress, among many others, are well known. One clinically

significant question is whether or not anxiety in the elderly may be due, at least in part, to loss
of interneurons in the OB, DG, or hypothalamus as a consequence of declining neurogenesis.

A number of factors have been shown to affect the process of adult neurogenesis, including
hormones such as glucocorticoid, estrogen, testosterone and prolactin, and growth factors such
as EGF, FGF2, IGF1, and BDNF (reviewed in [25]). Olfactory stimulation, environmental
enrichment, and exercise, and associated neurotransmitters such as nitric oxide, glutamate, and
serotonin, can also modulate the production of new neurons. However, the most important risk
factor for impaired neurogenesis is the age of the organism. A progressive reduction in the
number of newly generated neurons from the SVZ and in the DG during the lifespan of the
organism has been demonstrated in several species of mammals [52-56], including humans.
Moreover, evidence shows that a decline in adult neurogenesis parallels the gradual loss of
sensory and cognitive functions that occurs as healthy adults age [52-58].

Two recent reports highlight the effect declining neurogenesis has on the function of the HPA
axis. First of all, selective obliteration of neural precursors in the hippocampus by inducible
over-expression of the pro-apoptotic protein Bax increased anxiety-related behavior [59]. Loss
of proliferating progenitors and of newly generated hippocampal neurons was accompanied
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by increased avoidance of potentially threatening situations, such as exposure to open field and
brightly lit environments. The effect did not depend on non-specific changes in locomotor
activity or differences in exploratory behavior, and specifically affected anxiety, without
altering other affective behaviors such as depression. These results provide strong evidence of
a casual relationship between reduced neurogenesis and increased anxiety.

In the second instance, suppression of adult neurogenesis by selectively expressing HSV-tk in
neural stem and progenitor cells increased the HPA axis stress response [60]. When mice in
which neurogenesis was suppressed were exposed to mild stress, circulating corticosterone
levels increased to a much higher level than in mice in which neurogenesis was not impaired.
This increased stress response was not due to lower expression of hippocampal glucocorticoid
receptors, which would lead to reduced sensitivity to negative feedback by glucocorticoids.
Instead, reduced neurogenesis had a direct and causative effect on increased stress response.

These data clearly indicate that reduced neurogenesis in the adult brain can have deleterious
consequences by increasing both the level of HPA axis activity and the appearance of anxiety-
like behavior. Neurons replaced by neurogenesis in the adult appear to be mostly inhibitory
interneurons, which are responsible for modulating and coordinating the excitatory output of
large projection neurons that carry information from one brain region to another. Within the
HPA axis, inhibitory interneurons in the OB and DG modulate sensory and limbic information
carried on projection neurons to various nuclei in the hypothalamus, principally the PVN.
Declining neurogenesis in very old animals, by compromising regeneration of inhibitory
interneurons, therefore, would have the effect of increasing the excitatory drive on the HPA
axis (Fig. 3).

How p53 and GR mutually antagonize HPA function

What is the molecular mechanism underlying the decline in neurogenesis in older healthy
individuals? As outlined in Fig. 3, increased inputs to the PVN from disinhibited projection
neurons in the OB and DG, and from the loss of GABAergic modulation of the parvocellular
neurons within the PVN, would be expected to increase the release of CRH, hyperactivating
pituitary adrenocorticotrophs and increasing the level of ACTH and glucocorticoids in the
bloodstream. In fact, corticosteroid levels are known to increase with age in humans [61] and
rodents [62]. Increased availability of corticosteroids, furthermore, would be predicted to lead
to increased activity of the GR, which translocates to the nucleus upon binding the ligand.
Consistent with this prediction, we have seen a significant increase in the level of
phosphorylated (activated) GR in the hypothalamus of 17 month-old mice compared to 4
month-old mice, with further increases at 24 months of age (unpublished results).

One of the targets of activated GR is the tumor suppressor p53. p53 is a transcription factor
that regulates cell cycle progression and can induce cell cycle arrest or cell death in response
to a variety of cellular stressors. The activity of p53 depends on an extensive repertoire of post-
translational modifications, in particular to the activation domain at the amino terminus of the
protein (reviewed in [63,64]). Dexamethasone specifically induces phosphorylation of
serinel5, which stimulates expression of the cell cycle inhibitor p21Cip1/Wafl and causes
proliferation arrest in glucocorticoid responisive cells [65] (see Fig 3). In neural cells, the
mechanism by which dexamethasone induces proliferation arrest by p53 is known to act
through the GR, but the effect is indirect and not due to GR-induced transcription of p53 itself
[66]. Thus, the changes in cellular composition and hormone levels that occur in old age, by
hyperactivating GR signaling pathways, could provoke p53 activity and induce intracellular
stress responses mediated by p53. This, in turn, would reinforce proliferation arrest of neural
progenitor cells, dampen cellular proliferation, and further impair regeneration of inhibitory
interneurons in neurogenic regions. These effects of hyperactivated GR acting through p53 to
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inhibit neural cell proliferation can explain why corticosterone is a potent suppressor of
neurogenesis in the hippocampus [67,68] and why blocking the age-associated increase in
corticosterone by adrenalectomy restored hippocampal neurogenesis and prevented the
accompanying loss of hippocampal function in older animals (rats) [68].

In neural stem cells (NSCs), p53 is required for self-renewal and differentiation [69,70].
Constitutive activation of p53, however, has deleterious consequences, specifically on the
ability of NSCsto proliferate. In mice, hyperactivated p53 led to a generalized cell cycle arrest,
which depended on p21Cip1/Wafl [71] and included neural stem and progenitor cells in the
adult SVZ [72]. The impaired ability of SVZ NSCs to proliferate limited the supply of newly
generated neurons in the adult OB and had significant consequences on the ability of the mice
to maintain normal olfactory acuity [72]. Because the OB makes direct connections to the
amygdala, it is possible that neurological malfunctions that originate in the OB could affect
the emotional behavior as well as olfactory sensitivity of these mice. It will be interesting to
determine if impaired neurogenesis in the hypothalamus or in associated structures such as the
hippocampus that are responsible for normal HPA function could have direct consequences on
complex behaviors such as anxiety that manifest themselves as the organism ages, and
experiments to test this idea are currently underway.

In summary, molecular mechanisms controlling the proliferation of neural stem cells are
compromised as the individual ages. We propose that this has direct consequences on the HPA
axis by causing the loss of inhibitory interneurons in the aging brain, thereby reducing
inhibitory modulation of large projection neurons that control neuroendocrine function. As a
result, increased secretion of releasing hormones, such as CRH, elevates the levels of stress
hormones in the bloodstream, hyperactivating the GR and inducing a stress response mediated
by the tumor suppressor p53. Potent anti-proliferative activity of this transcription factor would
dampen neural stem cell proliferation, exacerbating the loss of inhibitory interneurons already
compromised by age. Experimental evidence from mice suggests that this model could explain
the age-associated increase in anxiety and GAD in mammals, including in humans, but more
work must be done to validate the model fully.
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Fig. 1. Effect of age on anxiety

Number of hospitalizations per 100,000 patients in each half-decade of life between birth and
95 years of age. Source: Public Health Agency of Canada, A Report on Mental Ilinesses in
Canada, www.phac-aspc.gc.ca/publicat/miic-mmac/sum_e.html

Biochim Biophys Acta. Author manuscript; available in PMC 2010 December 1.


http://www.phac-aspc.gc.ca/publicat/miic-mmac/sum_e.html

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scrable et al.

Page 11

\LCRH

ACTH

Glucocorticoid

Fig. 2. The HPA axis seen from the cellular and molecular levels

The hypothalamic—pituitary—adrenal (HPA) axis is activated by multiple inputs to the
paraventricular nucleus (PVN) of the hypothalamus, including excitatory pathways originating
in the olfactory bulb (OB) and dentate gyrus (DG) of the hippocampus. Inhibitory interneurons
(black symbols) modulate (dampen) neural activity in all three brain regions. Corticotropin
releasing hormone (CRH) produced in the PVN stimulates secretion of adrenocorticotropin
hormone (ACTH) by the anterior pituitary. ACTH reaches the adrenal glands via the
bloodstream, where it stimulates the synthesis and secretion of glucocorticoids. Once inside
the cell, glucocorticoids bind to the glucocorticoid receptor (GR, green symbol), translocating
it to the nucleus where it binds to the glucocorticoid response element (GRE) in the promoters
of target genes, such as CRH. This feeds back and turns off the stress response.
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Fig. 3. The aging HPA axis

Increased drive on the HPA axis is the result of several factors, including loss of inhibitory
interneurons (grey symbols) that modulate the output of the OB, DG, and PVN. Increased HPA
drive hyperactivates GR, resulting in phosphorylation of p53 (red symbol) on serinel5. The
pathway by which activated GR converts p53 from a latent to an active transcription factor is
not known, but does not involve transcription of p53 itself (x, y, unknown steps in pathway).
Transcription of p53 target genes, such as p21, leads to a block of cellular proliferation,
including that of neural stem cells. Symbols are as for Fig. 2, except interneurons are now
shown in grey to represent the loss of inhibitory activity as their numbers decline with age.
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